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Abstract

A high resolution, broad band X-ray microcalorimeter has been used for the first time to investigate the radiative
deexcitation of highly charged 7 keV /q Ar'”* ions as they interact with a beryllium surface at normal incidence. The 20 eV
energy resolution of this instrument made it possible to clearly distinguish the argon K, and K, complex simultaneously.
The intensity ratio of the K, , to K, emission is 31%, compared to the 8% found in the neutral argon atom. There is strong
evidence that the relative intensities of the KL" (n = 1-8) transitions do not agree with those obtained with crystal

spectrometers.

1. Introduction

The processes that dictate the neutralization of slow.
highly charged ions as they approach and penetrate the
surface of a metal have fundamental interest [1,2]. Gener-
ally, it is believed that highly charged ions efficiently
capture a large number of electrons into high quantum
states. The ionic configuration is termed a ‘‘hollow atom’’
— one with virtually an empty core surrounded by electrons
occupying high Rydberg levels. The extreme population
inversion produced in these ion—surface interactions has
the potential to be exploited for X-ray laser schemes if a
highly dense plasma could be produced against a metal
surface.

The dynamics of the decay of these hollow atoms
depend strongly on their velocity. Slow ions generally
decay via Auger, X-ray and UV transitions before they
reach the first atomic layer of the surface, while fast ions
neutralize via bulk interactions beneath the surface. In-
sights into these mechanisms are obtained from measure-
ments of electron and photon emission spectra as a func-
tion of incident ion velocity.
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X-ray spectra have been obtained in ion-surface experi-
ments with low resolution (E/AE ~ 50) semiconductor
ionization detectors for Ne’*!°* [1], Ar'7*!8* [3-5],
Kr¥* [6], Xe**+=** [7] and U®*~7** [8]. High resolu-
tion measurements have been made on Ne®* and Ar!7 ™18+
using crystal spectrometers (E/AE ~ 500) [9). Early ex-
periments were performed by Donets, who bombarded a
beryllium target with Ar'”~ ions with a velocity of 3 X 107
cm/s and measured the X-ray emission with a germanium
ionization detector. Similar measurements by Briand et al.
were made with a lithium-drifted silicon ionization detec-
tor and are shown in Fig. 1. The energy resolution of the
detector was not sufficient to separate the contributions of
the individual o, B, y transitions without the use of a
spectral model. The entire spectrum covering the Ar K, g ,
emission from 2.6 to 4.2 keV was obtained simultane-
ously.

Briand et al. [4,10] also conducted more detailed stud-
ies of the narrow band K, emission with a crystal spec-
trometer. Although the crystal spectrometer is rather ineffi-
cient, it was capable of resolving the emission from L-K
transitions with the number of L electrons ranging from 1
to 8 (see Fig. 2).

Here, we report on the first use of a high resolution,
broad band microcalorimeter as an X-ray spectrometer for
the study of Ar'”* ions interacting with a beryllium target
at normal incidence. This experiment took advantage of
the ion source capability of the Electron Beam Ion Trap
(EBIT) at Lawrence Livermore National Laboratory
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Fig. 1. Ar'7* K, spectrum observed with a lithium-drifted
silicon (Si(Li)) detector. The target is silver (Ag) plus carbon (C)
(contamination) [4].

(LLNL) to produce these highest charge-state ions [11].
The microcalorimeter not only can measure efficiently the
broad energy band covered by the semiconductor ioniza-
tion detector, but it can simultaneously provide an energy
resolution comparable to that of a crystal spectrometer.

2. Microcalorimeter performance

Microcalorimeter development has been motivated, to
date, by space-based, high energy X-ray astronomy appli-
cations [12,13]. Operating at temperatures between 50 mK
and 300 mK, microcalorimeters provide high resolution
spectra without the bandwidth and sensitivity limitations of
a crystal spectrometer. In a calorimeter X-ray photons are
absorbed and thermalized in a detector which is weakly
coupled thermally to a cold bath. The resulting rise in the
detector’s temperature is measured with a thermal sensor,
resulting in a signal proportional to the X-ray energy. For
the temperature rise to be measurably large the material
must possess a very small heat capacity. In an ideal
microcalorimeter the photon-induced temperature rise must
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Fig. 2. Ar'"* K, spectrum observed with a flat crystal spectrom-
eter. The target is silver (Ag) plus carbon (C) (contamination) [4].

be measured above background temperature noise caused
by the random exchange of energy through the thermal
link between the cold stage and the detector. This phonon
noise manifests itself in the calorimeter as thermal fluctua-
tions. The mean square value of this thermal noise is
(8T?) =kT?/C,, integrated over all frequencies. If other
noise terms are absent, phonon noise would be the only
factor limiting the signal to noise ratio, and hence the
resolving power, T/38T. The root mean square energy
resolution obtained from this resolving power is AE =
(kT*C,)"/?. With the proper choice of materials, the
resolution of an X-ray calorimeter operating at a tempera-
ture of 100 mK, can in principle, be <1 eV [14]. This
resolution is independent of the X-ray energy.

To convert the calorimeter temperature changes into
useful voltage signals, experimenters have traditionally
taken advantage of the strong temperature dependence of
resistance, R, in doped semiconductor crystals [15]. Maxi-
mizing the thermistor responsivity, « = 1 /R(dR /dT), and
minimizing the electronic noise will make the best mi-
crocalorimeters. Several electronic readout schemes are
used and the reader is referred to the literature [14,16].

In practice, the microcalorimeter must be divided into
two major components. To maximize the collecting area,
the X-rays are absorbed in a high-Z superconductor with
very low heat capacity. Since the heat capacity of the
doped semiconductor thermistor is the dominant contribu-
tion to the device, the thermistor must be made as small as
possible and attached to the superconducting absorber. Our
recent experiments at 80 mK with NTD (neutron transmu-
tation doped) germanium thermistors coupled to a super-
conducting absorber of tin demonstrate high spectral reso-
lution (18-20 eV) and high quantum efficiency (95-100%)
over the energy band from 0.5 to 7 keV {17].

3. The EBIT and extraction of highly charged ions

The electron Beam Ion Trap (EBIT) is a plasma source
that has offered unsurpassed opportunities to measure high
resolution X-ray spectra from stationary ions excited by
monoenergetic electrons [18]. These spectra have made it
possible to measure X-ray transition energies, metastable
state lifetimes, and electron-ion collision cross sections for
ions of neon to uranium [19].

In the EBIT, neutral gas atoms are multiply ionized by
successive collisions with an electron beam. This beam is
compressed to ~ 70 uwm in a 3-T magnetic field. It not
only strips arbitrary elements to any charge state and
collisionally populates excited states with high specificity,
but it also radially confines the ions. Axial confinement is
achieved with an electrostatic potential well created by
biasing a segmented axial drift tube assembly [18]. As a
consequence, ions are trapped for long time periods en-
abling precision study of their spectra. At low electron
densities (~ 10'? cm™3) the EBIT effectively eliminates
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Fig. 3. Schematic of EBIT (Electron Beam lon Trap) and the ion
extraction system [2]. The location of the microcalorimeter cryo-
stat is also indicated.

the transport issues and line-of-sight integrations that com-
promise the utility of other types of laboratory plasmas
(e.g. tokamaks) for studying atomic processes.

All of the ions produced in the EBIT trap can be
extracted [11] and transported to a variety of experimental
stations. Once equilibrium is reached, the ions are ejected
by applying a voltage (~ 7 kV) to one of the outer drift
tubes and by raising the middle drift tube potential. These
ions are then momentum analyzed and directed through a
vacuum beam line toward the target (see Fig. 3).

4. Experimental setup

In the surface physics experiment presented here, the
microcalorimeter, discussed in Section 3 [17], was used for
the first time to investigate the radiative deexcitation of
highly charged 7 keV /q Ar'’* ions as they were steered
out of the EBIT and into a thin beryllium surface at normal
incidence. Fig. 4 schematically shows the internal geome-
try of the detector and cryostat. The microcalorimeter
cryostat was connected to the vacuum beam line in such a
way as to allow the highly charged ions to travel into the
cryostat where it struck a 25 pm beryllium target. This
target was mounted on the end of a collimating tube
connected to the 1.8 K (pumped “He) stage that served as
part of a two component thermal radiation shield. The
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Fig. 4. A schematic view of the internal geometry of the mi-
crocalorimeter and cryostat.

second component was an open-ended tube attached to the
77 K (LN, ) stage that extended into the vacuum beam line.
These thermal collimators reduced the thermal radiation
load on the 0.1 K detector stage to an acceptable level. The
microcalorimeter was located in a 0.1 K enclosure that
incorporated a 25 pm beryllium window to efficiently
transmit the ~ 3 keV Ar K X-rays. A radioactive source
of Fe was incorporated into the beam line on a linear
feedthrough for in-situ calibration of the microcalorimeter
at 5.89 keV and 6.49 keV (Mn K, Ky). Approximately
10* Ar'* ions were extracted from the EBIT during a 100
ms extraction cycle. Since the detector subtended a solid
angle at the point of ion impact on the beryllium target of
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Fig. 5. The microcalorimeter spectrum obtained from Ar!’* jons
as they struck a 25 wm beryllium target with a velocity of 8 107
cm/s. The calibration lines from Mn K, and Mn K, measured
in-situ, are also shown.
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=25% 1072 sr, the net count rate on the detector was
~ 2 photons per ion dump.

5. Measurements

Ar'7* ions with a velocity of 8 X 107 cm/s struck the
25 pm beryllium target. The microcalorimeter spectrum,
including the calibration lines from Mn K, and Mn K, is
shown in Fig. 5. Using the Mn K X-rays, we measured the
energy resolution of the microcalorimeter to be 20 eV.
This resolution is an improvement of at least 7 times over
the previous measurements obtained with silicon and ger-
manium ijonization detectors at 6 keV. At 3 keV the
improvement is at least a factor of 6. This made it possible
to clearly and unambiguously distinguish the argon K
and Ky, complex simultaneously, which are shown in an
expanded view in Fig. 6. The intensity ratio of the K, to
K, emission is 31%, compared to the 8% found in the
neutral argon atom. The vertical lines in the spectrum
represent the energies of the L-K transitions measured
previously with a crystal spectrometer with 5—6 eV resolu-
tion [4]. The 20 eV resolution of the microcalorimeter just
begins to resolve the strong KL and KL® components.
More importantly, the spectrum indicates that the contribu-
tions from transitions KL® and KL® are the most intense.
This is in marked contrast to the measurements made with
crystal spectrometers by Briand et al. and the results
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Fig. 6. An expanded view of the Ar K, and Ky, complex. The
intensity ratio of the Ky to K, emission is 31%. The vertical
lines represent the emergies of the L-K transitions measured
previously with a crystal spectrometer with 5—6 eV resolution [4].
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Fig. 7. A comparison of the crystal spectrometer data for Ar K
from Fig. 2 (dotted) with the microcalorimeter data (solid his-
togram). The thin, smooth, solid curve represents the convolution
of the crystal spectrometer data with the microcalorimeter instru-
ment response function using an energy resolution of 20 eV. The
convolved spectrum is normalized so that its peak intensity equals
the intensity of the KL® transition measured by the microcalorime-
ter. If the relative intensities of the KL" transitions were the same
for both measurements, the smooth curve would coincide with the
microcalorimeter data.

inferred from the measurements with a germanium joniza-
tion detector made by Donets.

6. Discussion and conclusions

The high resolution of the microcalorimeter made it
possible to measure the Ar'’* K, Kz, and K., X-ray
spectra simultaneously for the first time. It also enabled us
to observe KL" transitions with relative intensities differ-
ing from work performed previously. To compare the
overall spectral shapes of the measurements made to date,
we have scaled the crystal spectrometer data from Fig. 2,
overlayed it on our microcalorimeter data and display them
together in Fig. 7. We have also convolved the crystal data
with the microcalorimeter instrument response function
and depict the result by the smooth solid curve. It is clear
that the relative intensities of the KL" (n = 1-8) transi-
tions observed with a crystal spectrometer are very differ-
ent than those observed with the microcalorimeter. Discus-
sions in the literature of the crystal spectroscopy data state
that the intensities of the eight K~L transitions in Ar!”*
were comparable to within a factor of two, regardless of
incident velocity [10]. The crystal spectrometer data repro-
duced in Fig. 7 are a subset of the experiments done for
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varying incident velocities and are consistent with this
finding. The data also show that the low and high n states
are stronger relative to the » =35 transition than that
observed by the microcalorimeter.

The reasons for these discrepancies are not clear at this
time. It has been suggested that the KL” distribution
strongly depends on the nature of the target and surface
[20]. We note, however, that a crystal spectrometer would
have required an ion source 300 times more intense or an
observation time 300 times longer to achieve equivalent
results on the EBIT. The broad band sensitivy of the
microcalorimeter also eliminated the uncertainties associ-
ated with cross-calibrating a series of narrow band mea-
surements with one or more Bragg crystal spectrometers.
These may be hints to why the measurements are different.

This experiment demonstrated the power of the high
resolution, broad band, high efficiency microcalorimeter
technique. It showed without a doubt, that this new spec-
tral analyzer can operate in an environment where it was
subjected to severe mechanical, acoustic and electromag-
netic interference without any degradation in performance.
As further progress is made in improving the energy
resolution, this instrument promises to be the spectrometer
of choice for ion-surface measurements.
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